The study was designed to determine the gastroprotective and ulcer healing efficacy of basic transforming growth factor (bFGF) and to assess whether this peptide contributes to the action of sucralfate on the rat stomach.
Abstract
The study was designed to determine the gastroprotective and ulcer healing efficacy of basic transforming growth factor (bFGF) and to assess whether this peptide contributes to the action of sucralfate on the rat stomach. Application of human recombinant bFGF (1-100 ig/kg/hour subcutaneously) failed to affect the formation of acute gastric lesions induced by 100% ethanol and acidified aspirin but reduced the stress induced by gastric lesions. Sucralfate (100-200 mg/kg given orally) protected gastric mucosa against the ethanol, aspirin, and stress induced acute gastric lesions but the addition of bFGF (100 ig/fkg subcutaneously or intragastrically) failed to affect sucralfate induced protection against ethanol or aspirin but increased that against stress. Administration of bFGF [tg/kg/day) by an intragastric or an intraperitoneal route or sucralfate (400 mg/kg/day) orally to rats with acetic acid induced gastric ulcers, enhanced the healing rate of these ulcers during seven day treatment in a dose dependent manner. This was accompanied by a pronounced increase in the number of capillaries and myofibroblasts and in DNA synthesis and DNA and RNA concentrations in the granulation tissue in the ulcer area. ["I5I]bFGF (1 [tCi) applied subcutaneously or intragastrically accumulated in two to threefold higher amounts in the ulcer area than in the intact mucosa, particularly in rats treated with sucralfate. Concurrent treatment with indomethacin (2 mg/kg intraperitoneally) delayed ulcer healing and reduced the binding of labelled bFGF to the ulcer area, angiogenesis, and DNA synthesis by sucralfate. Addition of ["5I]bFGF to sucraffate at various pHs resulted in the coprecipitation of bFGF by sucralfate in a pH dependent manner from about 10% at pH 7-0 to 90% at pH 1-5. Thus bFGF shows little protective activity and is not essential for gastroprotection afforded by sucralfate but plays an important part in healing of gastric ulcers possibly due to its growth promoting and angiogenic actions.
(Gut 1993; 34: 881-887) Growth factors such as epidermal growth factor (EGF), transforming growth factor (TGF), platelet derived growth factor (PDGF), and fibroblast growth factor (FGF) are potent mitogenic peptides expressed in various tissues including the gastrointestinal tract. ' 2 Both EGF and TGF were identified in the gastric mucosa and found to promote cell proliferation, mucosal repair, gastroprotection, and healing processes.36 An interaction was reported between EGF and antiulcer drugs such as sucralfate7'8 and antacids9 in healing of chronic gastroduodenal ulcerations.
Fibroblast growth factors exist in acidic (aFGF) and basic (bFGF) forms and are expressed in most cells of the body,0 12 especially in endothelial cells, fibroblasts, and macrophages. '3 4 They are stored within the basal membrane or extracellular matrix' 16 and released in an active form to stimulate tissue repair and healing.'7'8 Oral treatment with acid resistant bFGF was recently reported to accelerate healing of gastroduodenal ulcers induced by acetic acid or cysteamine in rats. 19 210 Basic FGF is more potent than aFGF in an in vitro system2' but no information is available on its efficacy in mucosal protection, repair, and healing processes.
The purposes of the present study were (1) to determine the binding of human recombinant bFGF to the intact and ulcerated gastric mucosa; (2) to assess the protective activity of bFGF against the damage by various irritants and stress; (3) to examine the efficacy of bFGF in healing of gastric ulcers; and (4) to evaluate the interaction ofbFGF with sucralfate in the gastroprotection and healing of gastric ulcerations in rats.
Materials and methods

ANIMALS
Male Wistar rats weighing about 250 g were fitted with chronic gastric fistulas and used about four weeks later. Before each experiment, the animals were fasted for around 18 hours and placed in individual (Bollman type) cages to maintain the minimum restraint necessary. The fistula was opened and the stomach was rinsed gently with about 5 ml oftap water at 37°C. Basal gastric secretion was collected for 60 minutes, and bFGF was infused subcutaneously (at a rate of 4 ml/hour) in various doses ranging from 1 to 100 [tg/kg/hour with a peristaltic pump; each dose was infused for 60 minutes in one day's test. In tests with intragastric administration of bFGF, the peptide was dissolved in 1 ml of saline and instilled into the stomach via the cannula of the gastric fistula and the fistula was closed for 30 minutes. Then the collection of gastric juice was restarted and continued for a final 60 minutes.
Gastric juice was collected in 30 minute aliquots, the volume of the juice was measured, and acid concentration was assessed by titration with 100 mM NaOH to pH 7 0 with an autoburette (Radiometer, Copenhagen Several groups of eight to 10 rats were used in studies with each ulcerogen (100% ethanol, acidified aspirin, and stress). These were (1) vehicle (saline) given by intragastric instillation or subcutaneous infusion followed 30 minutes later by ulcerogen; (2) bFGF infused subcutaneously in a dose of 100 ,ug/kg/hour followed 30 minutes later by ulcerogen; (3) bFGF given by an intragastric route at a dose of 100 rig/kg followed 30 minutes later by ulcerogen; (4) sucralfate (100 mg/kg by intragastric instillation) followed 30 minutes later by ulcerogen; (5) bFGF infused subcutaneously in a dose of 100 rtg/kg/hour and sucralfate (100 mg/kg by intragastric instillation) followed 30 minutes later by ulcerogen; and (6) intragastric bFGF (100 ig/ kg) given in combination with sucralfate (100 mg/kg) followed 30 24 hours and then their abdomen was opened and the stomach exposed under light ether anaesthesia. A plastic mould of 6 mm diameter was applied tightly to the serosal surface of the anterior wall of the stomach just proximal to the antral gland area and 70 ,ul 100% acetic acid was poured through the mould on to the surface of the stomach for 20 seconds. This method caused an immediate necrosis of the entire thickness of gastric wall under the area of acetic acid application (about 28 mm2) but without perforation or penetration of ulcers to the surrounding organs as in the original technique.24 After the application of acetic acid, animals were allowed to recover from the anaesthesia and received only water on the day of operation (day 0). Then they were divided into various groups and given unlimited normal rat food and water for the next seven days.
Several groups, each consisting of eight to 10 rats with gastric ulcers, were used in two series, A and B. In series A, group I rats were treated with vehicle (saline, 1 ml given by intragastric route three times daily) only (control); group II rats were given intragastric bFGF (3, 30, or 300 rig/kg/day in three equal doses, each dose dissolved in 1 ml ofsaline); group III rats were given bFGF by intraperitoneal injection (3, 30, or 300 p.g/kg/day in three equal doses); group IV rats were treated with intragastric sucralfate (added to drinking water, 400 mg/kg/day); group V rats were treated with a combination of intragastric bFGF (30 jig/kg/day in three equal doses) plus sucralfate; group VI rats were treated with intraperitoneal bFGF (30 p/kg/day in three equal doses); and for comparison group VII rats were treated with omeprazole (60 mg/kg/day into the peritoneum in two equal doses each dissolved in 1 ml of saline).
Rats of series B were divided into group I treated with vehicle (saline) alone; group II treated with daily intraperitoneal injection of indomethacin (2 mg/kg); group III treated with sucralfate (400 mg/kg/day); and group IV, treated with a combination of indomethacin (2 mg/kg) plus sucralfate (400 mg/kg).
To evaluate the effects of bFGF and sucralfate on ulcer healing, the animals of series A were treated for seven days and then anaesthetised with ether. The abdomen was opened and the stomach was exposed to assess the mucosal blood flow at the ulcer margin, ulcer bed, and adjacent intact mucosa. Then the stomach was removed and opened for the measurement of ulcer area. 8 All measurements were performed by technical personnel unaware of the treatment given.
Samples of the mucosa from the ulcer margin including the granulation tissue and the adjacent intact mucosa were excised in each rat (Table I) .
Gastric blood flow averaged about 62 (5) ml/ min/100 g of tissue in the oxyntic portion of intact mucosa. After exposure of the mucosa to 100% ethanol, this was reduced by about 65% and the reduction was not significantly altered by the administration of bFGF. Pretreatment with sucralfate (100 mg/kg) significantly enhanced gastric blood flow but combination with bFGF did not influence this enhancement (Table I) . Acidified aspirin in vehicle treated rats evoked gastric lesions of similar number and area to those produced by 100% ethanol and resulted in similar reduction in gastric blood flow (by about 68%; Table I ). Administration of bFGF given did not significantly affect the lesion area or the gastric blood flow in rats treated with aspirin. Sucralfate (100 mg/kg) reduced the area of lesions induced by modified aspirin by about 43% and significantly improved the gastric blood flow. The combination of bFGF with sucralfate caused similar reductions in lesion area and gastric blood flow as those found with sucralfate alone.
In vehicle treated rats exposed to six hours (Table II) . Gastric blood flow at the ulcer bed was 12 (3) ml/minute/100 g and at the ulcer margin -32 (4) ml/minute/100 g, whereas in the adjacent intact mucosa it was 58 (7) ml/minute/100 g. A similar profile of gastric blood flow was found in rats treated with sucralfate or omeprazole but in rats given bFGF, especially when injected into the peritoneum alone or in combination with sucralfate, the gastric blood flow at the ulcer margin reached significantly higher values than that in vehicle treated controls (Table II) .
In rats of series B receiving daily injection of indomethacin (2 mg/kg) throughout the seven day period after ulcer induction, the area of gastric ulcers was about 50% larger than in animals without indomethacin administration (Fig 1) . Addition of sucralfate (400 mg/kg/day) resulted in a significant reduction in the area compared with vehicle control. In rats receiving the combination of sucralfate plus indomethacin, the area of gastric ulcer was less than the vehicle control but significantly higher than that after the treatment with sucralfate alone.
EFFECTS OF bFGF AND SUCRALFATE ON THE NUMBER OF CAPILLARIES AND MYOFIBROBLASTS AT THE ULCER MARGIN
The number of capillaries and myofibroblasts in the granulation tissue at the ulcer margin in vehicle treated rats were 16 (0-8) and 104 (6) respectively (Table III) . Intragastric administration of bFGF caused a significant increase in capillaries but not myofibroblasts. Treatment with sucralfate did not significantly alter the number of capillaries or myofibroblasts. In rats injected intraperitoneally with bFGF, the number of capillaries almost doubled and the number of myofibroblasts was significantly increased (by about 30%). The Labelled bFGF added in vitro to the suspension of sucralfate adjusted to pHs ranging from 7 0 to 2-0 was bound in gradually increasing amounts with decreasing pH. At pH 7-0 about 10% of total radioactivity of [125I]bFGF was bound to sucralfate, whereas at pH 2-0 the binding increased to about 90% (Fig 2) .
EFFECTS OF bFGF AND SUCRALFATE ON NUCLEIC ACID CONTENT IN THE GASTRIC MUCOSA
In intact rats without induction of gastric ulcers, the values of DNA synthesis and DNA or RNA concentrations in oxyntic mucosa averaged 30 3 (2 0) dpm/,ug DNA, 371 (34) ,tg/100 mg, and 1062 (60) ,ug/100 mg respectively. After induction of acetic acid ulcerations and seven day administration of vehicle in rats of series A, the values of DNA synthesis and nucleic acid concentrations in the intact mucosa opposite to the ulcer area were not significantly different from the control values (Table IV) . By contrast, the mucosa resected from the ulcer margin, including the granulation tissue, showed significantly higher DNA synthesis and higher DNA and RNA concentrations.
Treatment with bFGF almost doubled the DNA synthesis at the ulcer margin and in the non ulcerated mucosa. The DNA and RNA concentrations were also significantly increased (compared with vehicle control) both in the ulcer margin and in the adjacent non-ulcerated mucosa. Treatment with sucralfate alone (400 mg/kg) did not significantly alter DNA synthesis and the concentrations of nucleic acid in the ulcer margin or in the adjacent intact mucosa. The addition of bFGF to sucralfate resulted in similar stimulation in DNA synthesis and in similar increases in the concentrations of DNA and RNA to those in rats treated with bFGF without sucralfate (Table IV) .
Discussion
This study provides evidence that bFGF given parenterally or by an intragastric route is not protective against the acute gastric lesions induced by topical irritants such as ethanol or aspirin but exerts a significant protection against the stress induced lesions and considerably enhances the healing rate of chronic gastric ulcers. Addition of sucralfate to bFGF does not influence the gastroprotective properties but augments the ulcer healing action of this drug. The presence of bFGF and the binding sites for this peptide have been documented in various tissues including the gastrointestinal tract'°12 but the physiological role of bFGF has not previously been established. This study shows that bFGF, unlike EGF or TGFQ, does not affect gastric acid secretion or gastric blood flow, the major factors that have been implicated in mucosal protection against topical irritants.6 This probably explains the failure of bFGF to protect the gastric mucosa against the damage caused by absolute ethanol and acidified aspirin. Only in rats subjected to stress did bFGF (given subcutaneously in a large dose) cause a small but significant attenuation ofthe mucosal lesions and this was accompanied by increased gastric blood flow suggesting that the maintenance of gastric circulation in stressed rats could explain this protection. Other mechanisms, however, such as stimulation of cell migration and proliferation are not excluded.
Sucralfate was effective against all three types of mucosal lesions. This was probably due to the stimulation of mucosal defence mechanisms26 and to the increase in mucosal blood flow that has been recognised previously27 and attributed recently to the formation of nitric oxide, a potent locally acting vasorelaxing factor.28 As expected, the addition of bFGF to sucralfate did not augment the gastroprotective activity of this drug except in stress lesions, which were significantly more reduced after treatment with the combination of bFGF and sucralfate than with each agent separately.
The most important finding is that bFGF given parenterally or applied directly to the mucosa enhanced the healing of acetic acid induced gastric ulcerations and augmented the healing activity of sucralfate. These effects of bFGF have been documented with our modification of chronic gastric ulceration induced by serosal application of acetic acid that is now widely used in studies of the efficacy of various antiulcer drugs.242932 These ulcers heal spontaneously and rapidly so that seven days after their induction the ulcer area was usually reduced to about 30% of its initial size.
The mechanism of the healing is unknown but previous studies showed that the new vacularisation at the ulcer margin,3 132 the establishment of adequate blood flow around the ulcer base,33 and stimulation of cell migration and proliferation in the granulation tissue at the ulcer bed6 are the key factors in this process. Agents that inhibit gastric acid secretion enhance the healing30 and this was also confirmed in our study because omeprazole at a dose that almost completely inhibited gastric acid secretion was effective in promoting ulcer healing. Our study shows that bFGF, even at a dose that did not affect gastric acid secretion (30 [igIkg/day), was also effective in healing these lesions. Obviously, this healing effect could not be mediated by the inhibition of acid secretion and other mechanisms are involved in the healing process. Administration of bFGF strongly stimulated DNA synthesis, especially in the granulation tissue at the ulcer margin, and increased DNA and RNA content in the adjacent intact mucosa. Detailed histological assessment showed a significant increase in the number of capillaries and fibroblasts in the granulation tissue of rats treated with bFGF compared with that in vehicle treated controls. Cell migration and proliferation and angiogenesis could all contribute to the ulcer healing activity ofbFGF. The stimulation ofnew microvessel formation was postulated as it is the major mechanism of action of FGF on gastric ulcers3' and of acid resistant bFGF on healing acetic acid induced gastric ulcer and cysteamine induced duodenal ulcers in rats. 19 20 It is of interest that sucralfate alone was also effective in speeding the healing rate of gastric ulcers and this is in keeping with previous studies on ulcer healing properties of this drug in animal models29 and in humans.3435 In acidic gastric milieu, sucralfate is a polyvalent anion, electrostatically binding most protein molecules (preferentially in the ulcer base) that are positively charged.2636 Also, sucralfate was found in this study to bind labelled bFGF in vitro in a pH related manner. This suggests accumulation of bFGF to the ulcer area to form a reservoir of bFGF that could be responsible for the enhancement of angiogenesis'6"9 and mucosal growth (increased DNA and RNA) in the ulcer margin seen in rats treated with the combination of bFGF plus sucralfate. The growth indices at the ulcer margin in rats treated with sucralfate alone were, however, not significantly different from those in vehicle treated animals indicating that endogenous growth factors such as EGF and TGFQ released locally from the injured mucosa37 may be sufficient to drive the cell proliferation at the ulcer margin. An additional supply of exogenous bFGF accelerated the ulcer healing probably due to the increased angiogenesis and the proliferation of cells such as myofibroblasts in the granulation tissue. It is of interest that the addition of intragastric bFGF to sucralfate did not cause any further decrease in ulcer size despite the increase in DNA synthesis at the ulcer margin. This indicates that the stimulation of cell proliferation may not be the only factor in ulcer healing by sucralfate. When sucralfate was combined with another growth factor (EGF) no additive effects on healing of acetic acid induced gastric ulcers were found either. 38 In summary, bFGF administered orally or given parenterally accelerated the healing of acetic acid induced gastric ulcers in rats. The healing affect was dose dependent and, at a dose that did not affect gastric secretion, was comparable with that achieved with omeprazole, a potent inhibitor of gastric secretion. The ulcer healing by bFGF seems to involve angiogenesis and cell proliferation, especially at the ulcer margin, and is enhanced by treatment with sucralfate. 
